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Sumnary 

Information on the chemlcal states of a catalyst surface i s  obtalnable by X-Ray 
Photoelectron Spectroscopy (XPS). Copper-zlnc oxlde catalysts from the DOE 
sponsored Llquld Phase Methanol (LPHeOH) project have been studled to ascertaln 
the oxidatlon states of copper on fresh, reduced, and spent catalyst samples. 
Uslng the Auger parameter t o  dlfferentlate valence levels It Is shown that Cut' 
must be malntalned on the surface for contlnued catalyst actlvlty to methanol. 
Unusually strong shifts, due t o  matrix effects in the Cu2p3/2 blndlng energy 
for reduced/actlve catalysts Indicate that Cu'l' 1s stablllzed by lncorporatlon 
ulthln the ZnO lattlce. Energy Dlsperslve X-Ray Spectrometry (EDS) and XPS show 
that uhlle the bulk Cu/Zn ratio i s  malntalned at a value near 2.1 the surface 
Cu/Zn ratio decreases in use t o  well below unity. The effects o f  metal and 
halogen polsonlng have also been studled by the addltlons of lron (as iron 
carbonyl) and chlorine, and are observed t o  deactivate the catalyst by reduction 
of Cu+l to Cuo. These results suggest a relatlonrhlp between the copper state 
needed to malntaln actlvlty and the reducing/oxldlzlng potentlal o f  the reactant 
gases. 

Int roduct i on 

Deterrnlnatlon of the actlve copper state in copper/zlnc/alumlna catalysts. used 
for methanol synthesls, has been of  recent Interest (1-5). Kller and coworkers, 
using optical spectroscopy, have presented evidence lndtcatlng Cu'l. dissolved 
i n  the ZnO lattlce(l.2). as the catalytlcally actlve state. X-Ray Photoelectron 
Spectroscopy (XPS) has been employed by Okamato et a1.(3.4) to show that CUO-ZnO 
samples contalnlng less than 10% copper, upon reduction, d o  exhlbit weak CU(LHM) 
x-ray induced Auger llnes suggestlve of the presence of Cu'l. The Dkamato 
studies, unfortunately, d o  not present supportlng data regarding actlvlty of  the 
catalysts t o  methanol synthests. Hlmelfarb et a1 . ( 5 )  have presented evldence, by 
X-Ray Dlffractlon (XRD), for the exlstence of a n  lntermedlate Cu+l phase durlng 
reductlon of copper-zinc oxide catalysts. Slnce XRD i s  a bulk sensltive technique 
the chemical state of the surface i s ,  however, still In doubt. 

In conjunction wlth the current DOE sponsored Liquid Phase Methanol Project 
(LPMeOH) we have undertaken studies of comnerclally available copper-zlnc oxlde 
catalysts which have demonstrated actual activity t o  methanol synthesis In both 
the gas and llquld phases. Here we present XPS results uhlch conflrm that Cut' 
1 s  lndeed the actlve state. Polsonlng by metal and/or halogens has also been 
lovestigated by XPS and Energy Dlsperslve X-Ray Spectrometry (EDS). Deactivation 
apparently occurs via reductlon of Cutl to Cue. 
Because the chemlcal shlfts observed ln the XPS spectrum for copper are llmlted It 
I s  necessary t o  employ the Auger parameter t o  follow the three valence States 
Cue, Cutl, and Cut2. The Auger parameter (a), proposed by Wagner(b) and 
later modlfled by Gaarenstrom and Winograd(7) Is defined as: 

a + h u  = BEp + KEA = 0 '  
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where hv Is the photon energy, BEp the blndlng energy o f  the photoelectron 
peak. and KEA the klnetlc energy of the x-ray induced Auger llne whlch Is also 
observed ln the spectrum. The addltlon of  hv t o  a 1s deflned as a', the 
modlfled parameter(7). and 1 s  Independent of the excltatlon energy. 

From Equatlon 1 a plot o f  0 '  vs the corrected BEp can be generated. This plot 
Or Auger map, as it 1s referred, enables one, through analyses o f  standards, to 
assign reglons to a partlcular elemental oxldatlon state or chemlcal envlronment. 

ExDerlmental 

A comnerclally avallable copper-zlnc oxlde catalyst, In powdered form (2-7pm). 
has been used In these studles. Gas phase and In sltu llquld phase reductlons 
were performed by sultable laboratory adaptatlon of the commercial gas phase 
technlque. Catalysts from llquld phase studles were prepared for surface analysls 
by strlpplng the Inert 0 1 1  vla a serles of cyclohexane washlngs In a nltrogen 
fllled glove box. Upon drylng. the samples were transported t o  a n  argon fllled 
glove box. The catalyst samples were applled t o  a plece o f  double-slded adheslve 
tape attached to a sample mount. The mounts were then sealed ln a vessel for 
transportation t o  the spectrometer. Under vacuum the vessels were reopened and 
the mounts attached t o  the transfer rod assembly. 

XPS has been performed on a Physlcal Electronlcs 560 spectrometer equlpped to 
perform XPS, Scanning Auger Mlcroscopy (SAM), Ion Scatterlng Spectroscopy ( I S S ) .  
and Secondary Ion Mass Spectrometry ( S I M S ) .  Mg K a  radlatlon (1253.6eV) at 15 
keV and 20mA was used as the excltatlon source. Charge correction was performed 
by referenclng t o  the Z n 2 ~ 3 /  llne at 1021.7eV and Cls. for resldual 0 1 1 ,  at 
284.7eV. 

EDS was performed on an Amray 1000 Scannlng Electron Mlcroscope (SEM) equlpped 
ulth a Kevex 7000 spectrometer. Quantltatlve analysls was accompllshed uslng ZAF 
correctlons. 

Copper oxlde standards were prepared In sltu by mounting a cleaned and pollshed 
(to lpm alumina) copper foll t o  a probe that could be heated and cooled. After 
repeated cycles of lon sputtering and anneallng at 300°C. a clean surface was 
obtained a s  verlfled by Auger Electron Spectroscopy (AES) and XPS. A thln fllm o f  
CuO was then produced on the surface by heatlng the foll to 250°C under a stream 
of alr. Larson(8) has reported that Cu20 can be produced by reheatlng the CuO 
surface fllm to 250°C ln vacuum. The advantage of thls preparatlon 1s that 
surface charging 1s negllglble due to the conductlon o f  the thln oxlde Fllms 
produced on the surface. 

Results and Dlscusslon 

Because o f  discrepancles In the llterature(6.8). regardlng the binding energy o f  
the Cu2p3/2 llne. a study t o  determlne a' for Cu, Cu20, and CuO was 
undertaken. The results o f  thls lnvestlgatlon are llsted in Table 1. The 
Cu2p3/2 llne 1 s  not observed t o  shlft as copper metal 1s oxldlzed t o  Cu20. 
however, the Cu(LMM) llne i s  found t o  move from 334.8eV t o  336.8eV. Thls change 
causes a shlft In a' from 1850.9eV, for copper metal, t o  1848.9eV for Cu20. 
Further oxidatlon to COO results in the Cu2p3/2 line shlftlng t o  933.2eV a s  well 
a s  the Cu(LMM) llne to 335.6eV. The net result Is a reshlftlng of a' back to 
1851.2eV. These movements In a' are better lllustrated by the Auger map. shown 
i n  Figure 1, whlch lndlcates the reglons occupled by copper metal and its oxldes. 
Though CuO and Cu metal possess the same 0 '  value. the sh'lft In the CUZpg/ 
]!ne, as well as the observatlon of satellltes due to the paramagnetlc nature of 
Cu+2 In the Cu2p spectrum, permlts these chemlcal states to be dlstlngulshed. 

Both llnes were faun$ t o  agree t o  ulthln 5 0.2eV. 
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The fresh, as r e c e l v e d  c a t a l y s t  1 s  found t o  be comprlsed o f  copper p r l m a r l l y  as 
CuO. T h i s  1s l n d l c a t e d  by t h e  observa t ion  o f  s t r o n g  s a t e l l l t e  peaks and an a' 
o f  18Sl.OeV. Upon r e d u c t i o n ,  t h e  CuZp spectrum i s  observed t o  undergo a l o s s  i n  
s a t e l l i t e  s t r u c t u r e  and a sh i f t  l n  t h e  Cu2p3/2 b l n d l n g  energy. Also,  as shown 
I n  Table 1, t h e  CuZpg 2 l l n e  i s  found t o  move from 933.beV t o  931.7eV. The 
x - ray  Induced Auger l l n e .  however. remalns a t  33b.2eV. C a l c u l a t i n g  0' shows 
t h a t  t h e  Cui2 has been reduced t o  Cu'l. To b e t t e r  I l l u s t r a t e  these observed 
changes t h e  Auger map I s  d e p l c t e d  I n  F l g u r e  2. The r e g l o n  occupled by t h e  reduced 
c a t a l y s t  Is I n  good agreement w l t h  t h e  coord lna tes  f o r  CuzO I n  F l g u r e  1. Thus 
i t  appears t h a t  Cu'l i s  present on t h e  s u r f a c e  a f t e r  reduc t lon .  The b l n d l n g  
energy s h l f t  observed f o r  t h e  Cu2p3/2 l l n e  as t h e  copper 1 s  reduced Is observed 
t o  be s l g n l f l c a n t l y  g r e a t e r  than expected f o r  Cui2 be lng  reduced t o  the  Cu'l 
s t a t e .  For  Cu20. t h e  Cu2p3/2 l l n e  1s found t o  be a t  932.leV w h l l e  f o r  t h e  
reduced sample a s h l f t  t o  931.7eV Is observed. Th ls  l a r g e r  than a n t l c l p a t e d  
chemical  s h l f t  1 s  b e l i e v e d  t o  be a t t r l b u t a b l e  t o  m a t r l x  e f f e c t s ,  s l m l l a r  t o  those 
observed by K i m  and Wlnograd f o r  Au Implanted l n  SlOz(9). The Cu'l i s  
a p p a r e n t l y  s t a b l l l z e d  on the  sur face  b y  I t s  I n c o r p o r a t i o n  w l t h l n  ZnO l a t t l c e  
de fec ts . (2 )  The e l e c t r o n  r l c h  envlronment o f f e r e d  by these s l t e s  l s  t h u s  b e l l e v e d  
r e s p o n s l b l e  f o r  t h e  l a r g e  s h l f t  I n  t h e  Cu2p3/2 b l n d l n g  energy. I n  as rece lved 
f o r m  ( o x l d e ) .  e lementa l  a n a l y s l s  shows a Cu/Zn r a t l o  of approxlmately 2 t o  1. XPS 
measurements, however. c l e a r l y  and r e p r o d u c l b l y  show a sur face  Cu/Zn r a t l o  o f  
a lmost u n l t y .  

A f t e r  r e d u c t l o n  t h e  c a t a l y s t s  a r e  used t o  produce methanol I n  e l t h e r  gas o r  l l q u l d  
phase opera t ions .  Upon demonstrat lon o f  s a t l s f a c t o r y  a c t l v l t y .  samples o f  t h e  
c a t a l y s t s  a re  removed f o r  a n a l y s l s .  I n  Table 1 and F lgure  2 t h e  r e s u l t s  o f  
s t u d l e s  on  these a c t i v e  c a t a l y s t s  a r e  a l s o  shown. The copper p resent  on  t h e  
sur face  Is observed t o  e x l s t  as Cui' by t h e  f a c t  t h a t  0' remalns a t  1849.0eV. 
The surface Cu/Zn r a t l o ,  c a l c u l a t e d  by XPS, Is found t o  decrease t o  approx lmate ly  
0.7 t o  1 upon r e d u c t l o n .  Thls r a t l o  becomes even smal le r  (0.3 - 0.1) a f t e r  use I n  
t h e  r e a c t o r .  

Upon an  observed l o s s  I n  a c t l v l t y  a c a t a l y s t  sample was aga ln  removed f o r  
a n a l y s i s .  The data,  shown i n  Table 1 and F l g u r e  2. I n d i c a t e s  t h a t  Cu'l has been 
reduced t o  Cuo by t h e  observa t lon  o f  a s h l f t  l n  a' t o  1851.0eV. I t  Is our 
c o n t e n t l o n  t h a t  d e a c t i v a t i o n  1s o c c u r r i n g  by t h e  r e d u c t l o n  o f  Cu'l t o  Cuo on 
t h e  sur face .  t h i s  suggests t h a t  the  cont lnued presence o f  Cu'l 1s Impor tan t  i n  
m a i n t a i n i n g  c a t a l y t i c  a c t l v l t y .  

The smal l  p a r t l c l e  s l z e  (2-7pm) o f  t h e  c a t a l y s t  powder used I n  l l q u l d  phase 
opera t lons  has p e r m l t t e d  the  use of EDS t o  r a p l d l y  determine a b u l k  Cu/Zn r a t l o  
f o r  comparlson w l t h  t h e  sur face  r a t l o  ob ta ined by XPS. The r e s u l t s  l n d l c a t e  t h a t  
w h l l e  t h e  bu lk  Cu/Zn r a t l o  remalns a t  2.1, a decrease I n  the  sur face  Cu/Zn r a t l o .  
c a l c u l a t e d  by XPS. l s  observed upon r e d u c t l o n  and use. C a t a l y s t  r e d u c t l o n  
decreases the  s u r f a c e  Cu/Zn r a t l o  f rom 1.0 t o  -0.7. A f t e r  use In methanol 
syn thes is  t h l s  r a t l o  Is found t o  f u r t h e r  decrease t o  values approachlng 0.3. Thls 
d a t a  f i t s  w e l l  u l t h  p roposa ls  by K l l e r  and coworkers(2) regard lng  s p e c l f l c  s l t e  
s t a b l l l z a t l o n  o f  Cu'l. Since o n l y  a f l n l t e  number o f  d e f e c t  s l t e s  a re  
a n t l c l p a t e d  w l t h l n  t h e  ZnO l a t t l c e  near t h e  s u r f a c e  t h e  Cu/Zn r a t l o  l s  expected t o  
decrease as Cu'l d l s s o l v e s  u l t h l n  t h e  ZnO l a t t l c e .  Therefore r e c r y s t a l l l z a t l o n .  
due t o  excesslve h e a t ,  Is expected t o  s e v e r e l y  e f f e c t  t h e  sur face 's  a b l l i t y  t o  
syn thes lze  methanol. A requlrement, f o r  t i g h t  temperature c o n t r o l ,  t h u s  1 s  
necessary t o  p revent  sur face  r e c r y s t a l l l z a t l o n  u h l c h  suggests t h a t  t h e  LPHeOH 
Process o f f e r s  s l g n l f l c a n t  advantages, as a r e s u l t  more e f f l c l e n t  heat  t r a n s f e r ,  
over  gas phase syn thes ls .  

Poisoning and i t s  e f f e c t s  upon sur face  copper have a l s o  been l n v e s t l g a t e d .  The 
I n j e c t i o n  of a v e r y  l o w  l e v e l  o f  f e ( C 0 ) ~  t o  t h e  feed stream 1 s  observed t o  c a m  
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a r a p l d  d e a c t l v a t l o n  o f  t h e  c a t a l y s t .  XPS l n d t c a t e s  t h a t  no I r o n  l s  a p p a r e n t l y  
present on t h e  sur face  o f  these samples. EOS a n a l y s i s .  however. shows t h a t  I r o n  
l s  present I n  t h e  b u l k  o f  t h e  polsoned samples. By XPS changes I n  t h e  Cu(LMM) 
spectrum are  observed. I n  F lgure  3. t h e  Cu(LMM) spec t ra  f o r  a f resh-reduced 
c a t a l y s t  Is compared w l t h  t h a t  ob ta ined a f t e r  I r o n  po lson lng .  The o b s e r v a t l o n  o f  
a second peak near 334.6eV Is a t t r l b u t e d  t o  t h e  presence o f  Cuo on t h e  s u r f a c e .  
Uslng Equat ion 1. a' I s  found t o  be equal t o  1651.0eV f o r  t h l s  new l l n e .  T h l s  
r e g l o n  has been e a r l i e r  determlned, I n  the  o x l d e  study, t o  be occupled by m e t a l l i c  
copper ( F i g .  1 ) .  Thus upon contac t  u l t h  I r o n  t h e  Cu'l I s  reduced t o  Cue, 
thereby d e a c t l v a t l n g  t h e  c a t a l y s t .  C h l o r l n e  p o l s o n l n g  has a l s o  been I n v e s t i g a t e d  
and t h e  c h l o r l n e ,  l l k e u l s e .  appears t o  d e a c t l v a t e  by reduc lng  t h e  s u r f a c e  Cu'l 
t o  Cuo. U n l l k e  I r o n  po lson lng .  XPS and EOS a r e  b o t h  a b l e  t o  d e t e c t  t h e  presence 
o f  c h l o r l n e  on the  sur face  as w e l l  as a r e d u c t l o n  I n  t h e  Cu/Zn r a t l o  a t  t h e  
c a t a l y s t  surface. The rnechanlsrns o f  d e a c t l v a t l o n  a r e  n o t  w e l l  understood a t  t h l s  
t lme and are c u r r e n t l y  t h e  s u b j e c t  o f  con t inued research. 

Concluslon 

From t h l s  study I t  has been determined, u s l n g  t h e  Auger parameter, t h a t  Cutl i s  
t h e  a c t l v e  chemlcal s t a t e  o f  copper on t h e  sur face ,  and Is a p p a r e n t l y  s t a b l l l z e d  
by I t s  l n c o r p o r a t l o n  w i t h i n  the  ZnO l a t t i c e .  O e a c t l v a t l o n  1 s  b e l l e v e d  t o  occur by 
t h e  r e d u c t l o n  o f  Cu'l t o  Cuo. Po lson lng  b y  e l t h e r  Fe o r  C 1  I s  observed t o  
a l s o  proceed through a mechanlsm by u h l c h  t h e  Cu'l Is reduced t o  Cuo. 
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Table 1 

Resu l ts  o f  Copper Auger Parameter 
Determlnat lon  f o r  Copper Oxlde Standards and 

Cata lys t  Samples Analyzed by XPS 

Sample 

Clean Cu 

cu20 

CUO 

Fresh-Unreduced C a t a l y s t  

Fresh-Reduced C a t a l y s t  

Spent-Act lve C a t a l y s t  

Spent-Deact lvated C a t a l y s t  

Cu2p? /2Wl  Cu(LMM)(eVl2 a ' ( e v )  1 
932.1 334.8 1850.9 

932.1 336.8 1848.9 

933.2 335.6 1851.2 

933.6 336.2 1851 . O  

931 . l  336.2 1849.1 

931.9 336.5 1849.0 

932.0 336.6 1849.0 

932.0 334.6 1851 .O 

Cu2p3/2 energles presented as b lnd lng  energles.  
2 Cu(LMM) energies presented I n  t h l s  study as b l n d l n g  energles f o r  consistency. 
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CUZP,,, BINDING ENERGY (eV) 

Figure  1 :  Auger map d e p l c t i n g  r e s u l t s  of in sltu copper ox lde  s tudy.  
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Figure 2: Auger map l l l u s t r a t t n g  the  observed changes i n  the  sur face  
copper o x i d a t i o n  s t a t e  f o r :  ( F ) f resh-as rece lved c a t a l y s t ,  
( R ) fresh-reduced c a t a l y s t ,  ( U ) methanol-act ive c a t a l y s t ,  
and ( S ) spent c a t a l y s t .  
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FIgure 3: Cu(LMI4) X-ray Induced Auger s p e c t r a  for ( A )  f r e s h ,  methanol- 
a c t l v e  c a t a l y s t  and ( B )  spent  c a t a l y s t .  
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